The minimal size for the conductor calculation is always the first point of interest when an electrical designer is creating a High Power Printed Circuit Board for automotive applications; in this paper you will see the factors considered to calculate the conductor size, the math information, the background information for the factors selection and the conservative rules implemented to protect the circuits for an overload; in addition this document shows two different methods to define the conductor size for the Printed Circuit Board, one based in international standards (Actual Design) and the other based in design assumptions defined to reduce the conservative rules used to calculate the conductor size (Proposal Design). In addition, you can see the validation data and the statistical results to support the implementation for the proposal method in the fuse block design used in the automotive industry, due the Proposal Design provides High Power Printed Circuit Boards with 33% less copper compared to the Actual Design.
Introduction
One of the key aspects of High Power Printed Circuit Board development is determining the appropriate trace sizes for the current flow defined by the circuit requirements. It is necessary to consider the material used to develop the High Power Printed Circuit Boards (copper typically). The conductive material presents a certain amount of impedance to current flowing through it; with electrical energy lost in the form of heat. Usually, in order to determine a good approximation, for current carrying capacity an allowable temperature rise is pre-selected by the electrical layout designer, and the factors considered for calculations are: the width of the trace, the thickness of the trace and the resistivity of the conductor material.
The resistivity of copper is defined using standard values from the IPC-4101 [1] . The width and thickness of a conductor is determined primarily on the basis of the current carrying capacity required and the maximum permissible conductor temperature rise pre-defined by the type of the automotive fuse block (the High Power Printed Circuit Board is placed inside) and the physical space allowed for the conductor path. The conductor's permissible temperature rise is defined as the difference between the maximum safe operating temperature of the laminate material and maximum temperature of the thermal environment to which the board is subjected.
This document includes a comparative analysis for two different methods to calculate the trace width size (one based on the IPC-D-275 [2] and other based on the IPC-2221 [3] /IPC-2152 [4] ) besides the design assumptions and the supportive data that shows the calculation methods do not impact the current carry capacity requirements and only incorporates the respective knowledge, the lessons learned and the international standards at the time that the specifications were released.
Printed circuit boards industry standards
[5] Stated could find several standards related to Printed Circuit Board design; these standards are created by the Institute of Printed Circuits (IPC -Association Connecting Electronics Industries), the Electronic Industries Alliance (EIA), the Joint Electron Device Engineering Council (JEDEC), the International Engineering Consortium (IEC), the US Department of Defense, the American National Standard Institute (ANSI) and the Institute of Electrical and Electronics Engineers (IEEE).
In automotive industries' case and this research, the design rules are based upon the IPC Standards. The IPC is a global trade association consisting of more than 2,300 member companies. The IPC is made up of contributors from the industry and includes designers, printed circuit board manufacturers, electronics assembly companies, suppliers and original equipment manufacturers. Contributing members bring lessons learned and known good practices to the table, for discussion and debate. The IPC documents and disseminates this knowledge through its industry-accepted standards [5] .
The next sections show the methodology used to calculate the trace width size for the Printed Circuit Boards, the mathematical equations, the cross-sectional fitting curve for different IPCs standards and the design assumptions used in Proposal Design to implement the international standards. For the specific case of the High Power Printed Circuit Boards, these assumptions take into consideration the years of experience of a TIER 1 company. The reason for the assumptions is due to the High Power Printed Circuit Boards designed are out of the scope of test data provided by some international standards.
IPC-D-275 trace size
A common model in thermodynamics was used by [6] [7] [8] [9] , and [10] to estimate the current capacity for traces in general conditions. We can start with the idea that the temperature change of the trace is proportional to 2 or ∆ ≈ 2 , since is inversely proportional to the cross-sectional area, , we can rewrite the equation as ∆ ≈ 2 / ; rearranging terms leads to ≈ �(∆ )( ) or ≈ (∆ ) 1/2 ( ) 1/2 ; and finally we can obtain the more general equation for current carrying capacity:
Where, I indicate the current in amperages, ∆ the change in temperature above ambient in O C and the cross-sectional area in mils 2 . To estimate the coefficients , 1 and 2 is convenient to convert them to linear form using logarithms, as follows: (2) [6] Analyzed the Equation 2 using the cross-sectional area from IPC-D-275 [2] for four different traces thickness and 300 data random points. The Equation 3 displays the resulting regression model with , 1 and 2 parameters (99.3455% r-square value).
Which leads to the estimate of = ( )(∆ 1 )( 2 ) as:
However, there are several shortcomings to these constant values and the original data. One in particular is the lack of information contained within the cross-sectional charts reflecting the form factor of the traces under study. The main limitations are:
• The data does not provide a way of independently obtaining the width and thickness components of the cross-sectional data except by estimating them.
• 35A maximum current value studied for outer layers.
• 17.5A maximum current value for inner layers.
• Only four different conductor trace thicknesses (1/2, 1, 2 & 3 ounces by square feet) are considered.
• 100 O C maximum ∆ for outer layers.
• 45 O C maximum ∆ for inner layers.
IPC-2221/IPC-2152 trace size
The IPC-2221 [3] /2152 [4] equation parameters are different from those in IPC-D-275 [2] in that they are more conservative and are implicitly derated to compensate for manufacturing effects. The values calculated with this new model are less conservative and represent better approximation of the test data used to create the crosssectional charts placed into the IPC-2221 [3] /IPC-2152 [4] . The new model replaces the model in the IPC-D-275 [2] . The constant values , 1 and 2 have been updated in order to provide a better fitting curve:
Where, indicates the current in amperages, ∆ the change in temperature above ambient in O C and the area in 
Theoretical temperature rise
Determine the theoretical temperature rise (∆ ) is key to the design of High Power Printed Circuit Boards, because is directly related with the size of the electrical conductor; the automotive industry usually considers for the fuse blocks design a ∆ = 20 for underhood location or close to heat sources and ∆ = 30 for interior or rear locations. The formula used to calculate the temperature rise is:
Where, ∆ represent the temperature rise above the ambient, the transition glass fibber temperature of the High Power Printed Circuit Board, the ambient temperature for fuse block location and the safety temperature established as a protective factor against variations between the calculated value and the reality, to reduce the risk of overheating. Fig. 1 
displays the Equation 6
temperatures by fuse block location (the High Power Printed Circuit Board is placed inside).
Assumptions for automotive fuse block applied to proposal design
As mentioned before, the IPC Standard includes a chart with the relationship of the current carrying capacity, at various temperature rises, with respect to the cross-sectional areas, for inner and outer layers. Using these charts; a designer would be able to calculate the conductor thickness and width necessary to support a given current value and a predicted temperature rise of that system. For inner and outer traces, the former IPC-2221 [3] , IPC-D-275 [2] and MIL-STD-275 [17] are all copies of the conclusions of a National Bureau of Standards study, and are based on inadequate historic information and are empirical rather than supported by test data [11] .
The IPC-2152 [4] includes more factors to calculate the current carrying capacity. These factors make the width calculation based on this IPC Standard more conservative than the previous standard, but the results are restricted for currents up to 35A and for conductor traces up to 3 ounces. In addition, taking into consideration the comments from Mike Jouppi (Chairman of the Task Group in charge to develop the IPC-2152 [4] ) there is more to sizing conductors that just current, cross-sectional area and temperature rise. Although the current, cross-sectional area and temperature rise remain the main drivers, some of these influencing factors are the substrate thickness, the substrate material, the presence of copper planes, the environment (vacuum, air and forced convection), the power dissipation and the mounting configuration and orientation. The assumptions for the automotive fuse blocks applied to Proposal Design are:
• The High Power Printed Circuit Boards use values out of the scope of studies placed in the IPCs. This requires the use of the extrapolation from the IPC-2152 [4] chart and the use of the current, cross-sectional area and temperature rise to calculate the trace width.
• The trace width must be calculated based on 135% of the fuse rating value, which protects the circuit application.
• The maximum steady state current expected on each circuit will be 70% of the fuse rate value. • No constant values difference ( , 1 and 2) for the width estimation of traces in the outer layers and inner layers even though the IPCs have different information for both conditions. Nevertheless, it appears that in reality the IPC inner layer data was simply derated 50% (on average) from the IPC outer layer data. The Fig. 2 displays a graphical comparison between the methods used in this study, to calculate the trace widths versus the IPC Standard, considering ∆ = 20 C and oneounce copper layer.
Description: 1. Representation of the width conductor size calculated for 70% of the fuse rate value which is the maximum current expected under normal conditions. [2] , which also considers 135% of the fuse rate value.
In conclusion, when the trace is powered, current flowing through it will generate heat creating a temperature difference between the trace and the surrounding environment (∆ ) and it is dependent upon the trace crosssectional area and various factors such as thickness, dielectric material, adjacency of copper in the board and the environment condition.
However, for the above estimations not all these factors were considered, because some of them are still under investigation and the test results have proved that the safety margin ( from Eq. 6) is wide enough to avoid any damage in the High Power Printed Circuit Board under normal conditions.
Trace width size comparison
To test the design methods, two different constants values ( , 1 and 2) were used to solve the Equation 1 and determine the trace width size; the Actual Design based on the IPC-D-275 [2] (Fig. 2, line 5 ) and the Proposal Design based on the IPC-2221[3]/IPC-2152 [4] (Fig. 2, line 4) . To demonstrate that the change of the constants values does not impact the validation test results for the final product, test boards were designed with equal inputs and outputs according to schematics and prototype parts were ordered to run validation test; the test performed was the Power Dissipation and Thermal Mapping. Table 1 compares the prototype parts characteristics.
A cross-sectional analysis with dimensions is shown in the Fig. 3 . It verifies that the supplier has provided parts with the minimum copper thickness in accordance with table 3.11 and table 3.12 in IPC-6012 [12] for the Actual Design and the Proposal Design.
The specification E5-5L1T-14A067-AA [13] establishes that the Power Dissipation Test, provides information about the electrical center's ability to dissipate and manage heat (the High Power Printed Circuit Board is placed inside the fuse block) and Thermal Mapping Test provides information as to where the most critical thermal areas of the electrical center may be, and provides information about where to place thermocouples for the test that require thermal data. For both tests the temperature shall not increase above the ambient temperature by more than 55 O C. . With these results, we can assume no differences at automotive fuse block level between the different designs, however in order to provide more visual evidence, Fig. 4 also displays a Thermal Mapping Images for both designs. Source: The author.
To evaluate if the two designs have the same responses (temperature) after the Power Dissipation Test a hypothesis test was evaluated for each component connected to a thermocouple. The test selected was the 2-Sample t, but before applying this statistical tool it was necessary to apply the Johnson transformation to transform the non-normal data (obtained with the thermocouples) to normal data. Once the Johnson transformation was applied, it was necessary to evaluate the variances for each component data for the current design and the proposal design. The hypothesis test selected was the 2-Variances at 95% confidence value (alpha equal to 0.05): Fig. 6 displays one of the 2-Variances hypothesis test for component F71, Observing the interval plot can be assuming that the standard deviation in both designs are the same. In addition, the statistical data provided by the F test (at 95% confidence level) is equal to 0.929 (P-value) that's means that H 0 cannot be rejected. So, using simple words "the variance, of the temperature collected by the thermocouples, between both designs have not shown to be different in the component F71".
The 2-Sample t was performed for each component connected to a thermocouple, at 95% confidence level, with the below hypothesis: H 0 : µ Proposal Design = µ Actual Design H 1 : µ Proposal Design ≠ µ Actual Design Fig. 7 includes a boxplot chart with a mean connected line. With visual analysis, we cannot conclude that a difference of the means values exists between the two set of analyzed data. This is confirmed with the P-value equal to 0.529 observed in the statistical results.
Conclusions
In this study, two High Power Printed Circuit Boards design alternatives were evaluated (called Actual Design and Proposal Design). To support the implementation of the design change, a Power Dissipation Test and Thermal Analysis using prototype fuse block parts were evaluated, in a test laboratory with ISO/IEC 17025:2005 (general requirements for the competence of testing and calibration laboratories) certification granted by American Association for Laboratory Accreditation, obtaining similar statistical results between the designs, which means that regardless of the design used the copper conductors can handle similar current values under a specific theoretical temperature rise. The actual values used to calculate the conductor size of the High Power Printed Circuit Board are out of the scope of the state of the art and the international standards; this means that the companies dedicated to produce this king of product only use estimated values.
The conductor size thickness typically used in this product is 2, 3 or 4 ounces with fuse values around 5A, 7.5A, 10A, 15A, 20A, 15A, 20A, 25A, 30A, 40A, 50A, 60A and up to 350A (no differences between inner and outer layers). The industry standards are limited to 3 ounces, 35A for outer layers and 17.A for inner layers.
The statistical results allow the change of the design rules, this has an economic impact reducing the copper content of the High Power Printed Circuit Boards, due accord the automotive fuse blocks studied, the Proposal Design contains 33% less copper content versus the Actual Design.
